We calculate the quasiparticle energy spectrum of SnO 2 within the GW approximation, properly taking into account the contribution of core levels to the energy corrections. The calculated fundamental gap is of 3.85 eV. We propose that the difference with respect to the experimental optical gap ͑3.6 eV͒ is due to excitonic effects in the latter. We further consider the effect applied on uniaxial pressure along the c-axis. Compared to GW, the effect of pressure on the quasiparticle energies and band gap is underestimated by the local-density approximation. The quasiparticle effective masses, however, appear to be well described by the latter.
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Transparent conducting oxides ͑TCOs͒ are a critical component in many present day optoelectronic applications, e.g., in photovoltaic devices, touch screens, and light emitting diodes, to name a few. Tin dioxide, SnO 2 , is among the most widely used such materials.
1,2 It might be surprising, then, that questions regarding its basic properties remain open. For instance, the fundamental band gap ͑E g ͒ of this material has not been directly measured to date. So its experimental value is not known with certainty, although it is of central importance to the SnO 2 applications. Many studies, when discussing E g , actually refer to the optical gap ͑see, e.g., Ref. 1 and references therein͒ long reported to be 3.6 eV. 3 The optical gap, however, is conceptually different from E g . 4 If present, like in SnO 2 , 3 excitonic effects may result in the two gaps having rather different values. Ab initio studies have suffered from the shortcomings of density functional theory ͑DFT͒ in determining E g . A recent calculation based on the so-called local-density approximation ͑LDA͒ + U SIC yields a value as low as 3.2 eV. 5 A more sound approach is provided by the GW approximation. 6 An early calculation within this scheme found that E g Ӎ 3.4 eV. 7 However, this calculation did not take into account the effect of Sn core electron levels now known to be relevant. 8, 9 This results in uncertainty regarding the values in Ref. 7 .
In SnO 2 , furthermore, the c / a ratio is very important, 10, 11 and it is of interest to study the effects of uniaxial pressure on its electronic structure. Note that such a pressure indirectly causes biaxial strain perpendicular to its axis of application. This is of further interest because in optoelectronic applications with TCO thin films, the substrate often subjects the film to biaxial strain with great effect on the electronic properties of the film. 12,13 Therefore, we use a state-of-the-art implementation of the GW approximation to determine the quasiparticle energy spectrum of SnO 2 in its ground state and study the effects of applied uniaxial pressure along the c-axis.
Our study starts with a DFT calculation within the LDA to the exchange-correlation potential using the ABINIT code. 14 8, 9 We generate the pseudopotential with the OPIUM code ͑choosing the Troullier-Martins procedure and the Perdew-Zunger LDA͒. 15 We use core radii of 1 a.u. for the n = 4 shell and 2.28 a.u. for the n = 5 shell. 16 The pseudopotential thus produced is hard, requiring a cutoff energy of 105 hartree for eigenvalues to be converged within a meV. To assess the reliability of our pseudopotential, we study the structural properties of SnO 2 . SnO 2 has a rutile structure in its ground state ͑space group P4 2 / mnm, No. 136͒ with two formula units per unit cell and an internal parameter, u, fixing the positions of the O ions. 10 As seen in Table I , the calculated structural parameters are in excellent agreement with experiment, as is the bulk modulus. The latter is calculated by applying the Voigt-Reuss-Hill averaging scheme. 18 The elasticity and compliance tensors required for this purpose are calculated in the more general response function framework.
14 The values found are shown in Table II . The DFT electronic structure we obtain ͑referred to below as LDA͒ is used to calculate the quasiparticle energies within the ͑single-shot͒ GW approximation. 6 In Fig. 1͑a͒ , we compare the LDA band structure and the GW quasiparticle energies along high symmetry lines in the first Brillouin zone. The dark line gives our LDA values. The band gap is direct and at the ⌫ point, with a value of 1.80 eV. This is close to results in previous work, such as Refs. 7 ͑1.71 eV͒ and 19 ͑1.70 eV͒. In the former, a pseudopotential including nonlinear core corrections is used to describe the Sn 4d electrons, while the latter uses an all-electron method. Note that a͒ Electronic mail: rolando.saniz@ua.ac.be. The dots in Fig. 1͑a͒ give the GW values. 22 For a quantitative comparison, in Table III we give the LDA and GW direct gaps at high symmetry points in the first Brillouin zone. Note that our gaps at ⌫ and Z are higher than the GW results in Ref. 7 ͑3.38 and 10.32 eV, respectively͒ by almost 0.5 eV. The difference is considerable. This arises because although the 4d electrons are included in the pseudopotential in Ref. 7 , the 4s and 4p are not. The contribution of the latter, mainly to the exchange interaction, is thus absent and leads to the expected underestimation of the gap values. 8, 9 Our result suggests, most interestingly, that the optical gap of 3.6 eV of Ref. 3 results from excitonic effects, which cause a redshift of the optical absorption energies compared to what would be observed if electron-hole interactions were negligible. 23 Note that a very recent work, proposing a novel approximation scheme to excited levels within single-shot GW, uses the more expensive self-consistent Coulomb hole plus screened exchange ͑COHSEX͒ band structure as a starting point to find E g = 3.8 eV. 24 This is very close to our result and further supports the idea of an optical gap smaller than E g . Table III further shows that the GW gap corrections at the X, M, and Z points are increasingly larger away from ⌫. For a broader comparison, the gray curves in Fig. 1͑a͒ show that the LDA conduction bands rigidly shift upward, aligning the LDA and GW conduction band minima. This shows that a scissors operator approach is not ideal with discrepancies increasing as one moves away from ⌫ and as one moves up from the lowest conduction band.
The above notwithstanding, Fig. 1͑a͒ We turn now to the effects of uniaxial pressure along the c-axis. We simulate this by decreasing the value of c and relaxing the values of a and u until the forces over the atoms are below 1 meV/Å. The corresponding pressure is calculated using the compliance tensor. In Fig. 2͑a͒ we plot the ͑normalized͒ structural parameters versus pressure. The changes in the lattice parameters are of the same order of magnitude of those found in, e.g., TiO 2 . 27 We note that the expansion of the a parameter agrees remarkably well with the values predicted by the compliance tensor. The change in the u, which determines the Sn-O distance in the ab-plane, is weaker in magnitude than the change in a. This just indicates that it is more difficult to stretch the Sn-O bonds than to reduce the rectangular distortion of the base of the SnO 6 octahedra. 10 Figure 1͑b͒ compares the LDA band structures at P =0 and P = 3.1 GPa, the latter corresponding to a 1% decrease of the c value. For comparison, the valence band maxima at ⌫ are aligned. The band gap increases to 1.86 eV. As discussed in previous work, 11, 21 the valence and conduction bands are mainly of bonding and antibonding characters, respectively. Hence, pressure tends to increase the bondingantibonding split. Besides increasing the band gap, pressure affects more noticeably the states around Ϫ4 and 6 eV, which arise from the O͑2p͒ states determining the structure of the SnO 6 octahedra. To take measure of the ability of the LDA to describe the change in energies due to pressure, we have also calculated the GW corrections at P = 3.1 GPa. The values found at high symmetry points are indicated in Table III . The change in quasiparticle energies is generally Ͼ1%. The change is, thus, important, given that the change in structural parameters is Յ1%. As can be seen, the GW corrections tend to increase overall. Regarding E g , it raises to 3.94 eV. This corresponds to a rate of increase with a pressure of 27 meV/ GPa, while it is of 21 meV/GPa in the LDA case, i.e., ϳ29% lower. These rates are comparable to those of other semiconductors, such as TiO 2 and CdSe. 27, 28 We caution, however, that more accurate estimations may be needed. Indeed, in Fig. 2͑b͒ we show the change of the LDA band gap with pressure, ⌬E g , for several pressure values. It appears that it is slightly nonlinear in the pressure range shown ͑the rate of change at low pressure would be 22 meV/GPa͒. A more refined study of this point and of the changes resulting from the GW corrections is worth pursuing, but falls beyond the scope of the present work.
We have also calculated m e ‫ء‬ and m p ‫ء‬ for P = 3.1 GPa. The values found are given in Table IV . The increase of the m e ‫ء‬ with pressure obeys to band repulsion. The change in the m h ‫ء‬ , on the other hand, is more intriguing. The upper valence bands arise essentially from the O͑2p͒ lone-pair states, 11 which extend in the ab-plane and do not participate in bonding. The increase of a with pressure allows these states to delocalize more, thus reducing m hЌ ‫ء‬ . Concomitantly, the reduction of c tends to increase the repulsion between these states in the direction parallel to c, thereby enhancing m hʈ ‫ء‬ . In conclusion, the GW approximation predicts an E g that is larger than the optical gap by at least 0.25 eV. Also, the GW approximation indicates that the effects of pressure on the quasiparticle energies are larger than predicted by the LDA. The quasiparticle effective masses, on the other hand, appear to be well estimated by the LDA. These findings are important for the understanding of greatly relevant properties of doped SnO 2 films in many optoelectronic applications. 
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